Spontaneous mutation of Fas (lpr) or FasL (gld) completely protects nonobese diabetic mice from autoimmune diabetes but also causes massive double-negative T-cell lymphoproliferation. In this study, we used bone marrow chimeras and adoptive transfer analysis to investigate further the role of FasL in the pathogenesis of autoimmune diabetes and to determine whether gld-induced tolerance and double-negative T-cell lymphoproliferation can be uncoupled from each other. We show that FasL expressed on hematopoietic and nonhematopoietic compartments plays nonredundant roles in the pathogenesis of autoimmune diabetes. Mutation of FasL in either compartment interferes with the autoimmune process and prevents onset of diabetes, but FasL expressed in the hematopoietic compartment is the dominant regulator of T-cell homeostasis. Furthermore, pathogenesis of diabetes is dependent on normal FasL expression in both compartments, whereas only minimal FasL function is required to maintain T-cell homeostasis. Consequently, partial disruption of FasL protects from autoimmune diabetes without causing T-cell lymphoproliferation. This is demonstrated genetically in nonobese diabetic-gld/؉ mice and pharmacologically by using FasL-neutralizing antibody. These results have important implications for understanding the role of the Fas pathway in pathogenesis of autoimmune diseases and for designing novel FasLmodulating therapies.
Autoimmune diabetes results from a systemic breakdown in central and peripheral mechanisms of tolerance, leading to expansion of autoreactive T cells. Recognition of autoantigens by autoreactive T cells leads to their priming and initiation of the autoimmune process. Thus, it is conceivable that many immunotherapy strategies are focused on targeting molecules critical for initiation of T-cell activation. 1 Nevertheless, clues for an alternative approach that avoids T-cell activation pathways is suggested by spontaneous loss-of-function mutation in Fas (lpr) or its ligand (gld) that completely prevents autoimmune diabetes. [2] [3] [4] [5] [6] [7] [8] [9] [10] Female nonobese diabetic (NOD) mice bearing homozygous gld/ gld mutation are completely protected from autoimmune diabetes that otherwise affects more than 80% of wild-type (wt) NOD females. 11 It was initially thought that the protection is due to abrogation of Fas-mediated death of ␤ cells. 2 Subsequent studies, however, showed no or only limited role for the Fas/FasL system in the death of ␤ cells. 4, 5, 7, 9, 12 Defects in the Fas pathway also protect against experimental autoimmune encephalomyelitis in animal models of multiple sclerosis, 13, 14 suggesting that blockade of the Fas pathway has a general protective effect against organ-specific autoimmune diseases.
The Fas system is a major apoptosis pathway that is important for maintenance of peripheral T-cell homeostasis 15 but not for T-cell activation, and there are no reports of serious immune suppression or incidence of tumors in mice bearing gld or lpr mutations. However, the Fas pathway has not previously been considered a viable therapeutic target because homozygosity for either gld or lpr mutation leads to T-cell lymphoproliferation. Although benign, the lymphoproliferation is massive and is dominated by a population of double negative (DN) ␣␤ T cells that lack CD4 and CD8 coreceptors and express the B220 isoform of CD45 that is normally expressed by B cells. 16 Such DN T cells are rare in the peripheral immune system but progressively accumulate in mutant mice, reaching up to 80% of peripheral T cells depending on the mouse strain. 16 Understanding whether DN T-cell lymphoproliferation and the protective effect of inactivating the Fas pathway are separable is important for understanding the pathogenesis of autoimmune diabetes and for harnessing the Fas pathway for therapy of autoimmune disease.
In this study, we show that FasL expressed on hematopoietic and nonhematopoietic compartments plays nonredundant roles in the pathogenesis of autoimmune diabetes. Mutation of FasL in either compartment interferes with the autoimmune process and prevents onset of diabetes. Moreover, FasL expressed in the hematopoietic compartment is the dominant regulator of T-cell homeostasis. In addition, we demonstrate genetically, in bone marrow chimeras and haploinsufficient NOD-gld/ϩ mice, and pharmacologically, using FasL-neutralizing antibody, that the protective effect of FasL inactivation can be achieved without causing DN T-cell lymphoproliferation. These findings provide the basis for developing new therapeutic strategies that avoid interfering with pathways that play primary roles in initiating normal immune responses.
Materials and Methods

Mice
NOD, NOD-gld/ϩ, and NOD-gld/gld mice were bred and maintained at the Animal Care Facility of the Johns Hopkins School of Medicine. NOD-gld/gld mice were generated by crossing FasL-deficient C3H/HeJ-gld/gld mice (The Jackson Laboratory, Bar Harbor, ME) with NOD/LtJ mice, and the gld gene was backcrossed to NOD for six generations and then intercrossed, as described in detail by Su et al. 17 NOD-gld/gld and NOD-gld/ϩ mice and their NOD-wt intercross littermates were typed for polymorphic microsatellites linked to the insulin-dependent diabetes mellitus susceptibility (Idd) genes. Microsatellite markers were selected from the published data 17 and from the database released by the Whitehead Institute/Massachusetts Institute of Technology Center for Genome Research (Cambridge, MA). NODsevere combined immunodeficient (scid)-gld/gld mice were generated by crossing NOD-gld/gld mice with NOD-scid mice. F 1 generations were intercrossed, and the offspring were screened for the gld mutation and scid mutations. All experiments were performed by following protocols that are approved by the Animal Care and Use Committee of Johns Hopkins University.
Genotyping of NOD Mice for gld Expression
The gld genotype was determined by polymerase chain reaction (PCR) on tail DNA by using a pair of primers (5Ј-CAGCAGCCCAAAGCTTTATG-3Ј and 5Ј-CTCAACT-CTCTCTGATCAATTTTGAGGA-3Ј) as previously described. 17 The 320-bp PCR products were then digested with StuI (New England BioLabs, Beverly, MA) at 37°C overnight and resolved on a 1.2% Nusieve agarose gel (FMC BioProducts, Rockland, ME). The digestion yielded 280-and 40-bp fragments for the wild-type allele, whereas StuI does not digest the 320-bp PCR product for the mutated allele. Homozygous (gld/gld) mice express only the 320-bp band, wt mice express the 280 band, and heterozygous gld/ϩ mice express both bands.
Staining and Flow Cytometry
Directly conjugated fluorescein isothiocyanate, phosphatidylethanolamine, peridinin chlorophyll protein (PerCP), and allophycocyanin antibodies purchased from BD Pharmingen (San Jose, CA) or eBioscience (San Diego, CA) were used in our experiments, unless otherwise indicated. In some instances, CD4 and CD8 T cells were analyzed as one subset labeled "CD4 ϩ or CD8 ϩ T cells" by using a combination of PerCP-conjugated anti-CD4 and anti-CD8 monoclonal antibodies. Fas was detected with fluorescein isothiocyanate-labeled Jo2, whereas FasL was detected with phosphatidylethanolamine-conjugated MFL-3. Intracellular staining for Foxp3 was performed according to the manufacturer's protocol (eBioscience) with phosphatidylethanolamine-conjugated Foxp3 FJK-16s.
Analysis of Diabetes and Insulitis
Induction of diabetes was monitored by measuring blood glucose levels once a week. Mice with two consecutive readings of Ն250 mg/dl blood glucose were considered diabetic. For analysis of insulitis, pancreata were fixed in formalin, sectioned, stained with hematoxylin and eosin (H&E), and analyzed for insulitis. Slides were read blindly, and the frequency of islets with insulitis (penetrating infiltration in the islets), peri-insulitis (inflammation around the islets), and no insulitis (no inflammation in or around the pancreatic islets) was determined relative to the total number of pancreatic islets counted in each mouse.
Bone Marrow Chimeras
Chimeras were prepared as previously described. 18 In brief, bone marrow (BM) cells derived from the femurs and tibia of donors (1 ϫ 10 7 ) were injected intravenously into lethally irradiated recipients. Thy1.1 ϩ and Thy1.2 ϩ allelic markers were used to assess chimerism and reconstitution. Mice were given antibiotics for 4 weeks and were periodically assessed for reconstitution by fluorescence-activated cell sorting.
Adoptive Transfers
Single-cell suspensions were prepared from spleens of donors and 1 to 2 ϫ 10 7 cells transferred i.v. into the designated NOD-scid hosts. Depending on the specific experiment, NOD-gld/gld, NOD-gld/ϩ, or NOD-wt mice were used as donors, and NOD-scid-wt or NOD-scid-gld/ gld mice were used as recipients. Mice were monitored for induction of diabetes as described above.
Antibody Treatment
Monoclonal antibodies specific for cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) (clone UC10-4F10-11) and interleukin (IL)-2 (clone S4B6-1) were purified from hybridoma culture supernatants (American Type Culture Collection, Manassas, VA). Anti-glucocorticoid-induced tumor necrosis factor receptor (anti-GITR) (clone 108619) was purchased from R&D Systems (Minneapolis, MN). All injections were given intraperitoneally. Each experiment was performed independently with its own set of control mice (age-and sex-matched NOD-gld/ϩ mice treated in parallel with phosphate-buffered saline). For anti-CTLA-4 treatment, mice received three injections of 100 g each with 1-week intervals between injections. Anti-IL-2 treatment consisted of a single injection of 1 mg. Anti-GITR treatment consisted of two weekly injections of 50 g for 4 consecutive weeks. We used 12-week-old NOD-wt for CTLA-4 and 8-week-old NOD-wt mice for IL-2 and anti-GITR experiments. Mice were monitored for development of diabetes as indicated above.
Measurement of Antinuclear Antibodies
Antibodies generated against nuclear constituents in the serum were measured using a semiquantitative enzymelinked immunosorbent assay kit from Alpha Diagnostic International (San Antonio, TX) according to the manufacturer's instructions. Measured antinuclear antibodies (ANAs) included autoantibodies that bind to doublestranded-DNA, single-stranded-DNA, Smith antigens, histones, and ribonucleoproteins and SS-A, SS-B, Jo-1, and Scl-70. Serum samples (1:100) were added in triplicate to the enzyme-linked immunosorbent assay plate coated with extracted nuclear antigen. Standard positive and negative control samples provided by the manufacturer were run in parallel. After washing, goat anti-mouse IgG-horseradish peroxidase was added. After another washing, tetramethyl benzidine was added, leading to color development that was directly proportional to the amount of ANAs in the sample. The reaction was terminated by adding stopping solution. Absorbance was measured on an enzyme-linked immunosorbent assay reader at 450 nm. The concentration of ANAs in each sample was calculated as the ANA index (AI), defined as the ratio of absorbance of the test sample and net absorbance of the negative (endpoint-cutoff) controls.
In Vivo Blockade of FasL
Neutralizing anti-FasL monoclonal IgG (MFL4) was previously described. 19 Four-week-old NOD-wt mice were injected intraperitoneally with 500 g of anti-FasL MFL4 antibody (n ϭ 10) or control hamster IgG (n ϭ 9) for 2 consecutive weeks, followed by 300-g injections until the age of 20 weeks. Age-matched control mice were treated similarly with control hamster IgG. Mice were monitored weekly for onset of diabetes and periodically for induction of DN T cells as described in Results.
Annexin V Analysis
To determine the percentage of apoptotic T cells, spleen cells and lymph node cells were freshly isolated from three mice in each group, surface-stained with allophycocyanin-TCR, and PerCP-CD4/PerCP-CD8 monoclonal antibodies, and analyzed for Annexin V binding by using an apoptosis detection kit from BD Pharmingen according to the manufacturer's instruction. 
Results
Segregation of the Protective Effect of gld Mutation from DN T-Cell Lymphoproliferation
FasL is induced after TCR activation to mediate deletion of excess effector cells and maintains T-cell homeostasis; hence hematopoietic tissues are major sites of FasL expression. Nonhematopoietic tissues, including immuneprivileged sites and gut epithelia, can also express FasL and contribute to peripheral T-cell deletion. 20 We therefore compared the impact of gld mutation in the hematopoietic and nonhematopoietic compartments on induction of DN T-cell lymphoproliferation and resistance to diabetes. Our objective was to determine whether inactivating FasL in either compartment differentially affected lymphoproliferation and incidence of diabetes. This idea was tested in BM chimeras that expressed gld/gld mutation in the hematopoietic or nonhematopoietic compartment as depicted in Figure 1A . Donors and recipients of BM were littermates produced by intercrossing NODgld/ϩ mice. 17 In the first set of mice, lethally irradiated NOD-gld/gld mice were reconstituted with BM from NOD-wt littermates. In a second set of mice, we did the reciprocal experiment by reconstituting lethally irradiated wt mice with BM from NOD-gld/gld mice. In a third set, lethally irradiated wt mice were reconstituted with wt BM and used as positive controls. Successful reconstitution was determined by examining chimeras for the ratio of donor and recipient T cells in the blood, which were distinguished by differential expression of Thy1.1 ϩ and Th1.2 ϩ congenic markers ( Figure 1B) . Chimeras also established a normal ratio of CD4 and CD8 T cells ( Figure  1D ; data not shown). Development of diabetes in different groups was assessed weekly by measuring blood glucose levels ( Figure 1C ). All wt into wt-positive control chimeras developed diabetes within 25 weeks. By contrast, none of wt into gld/gld chimeras and only 1 of 11 gld/gld into wt chimeras developed diabetes. Thus, the gld/gld mutation on either hematopoietic or nonhematopoietic tissues is protective against autoimmune diabetes ( Figure 1C ). On the other hand, the site of gld expression significantly influenced the level of DN T-cell lymphoproliferation. Chimeras expressing homozygous gld mutation on the hematopoietic tissues (gld/gld into wt) developed significant DN T-cell lymphoproliferation. In contrast, chimeras expressing gld/gld mutation on the nonhematopoietic tissues did not develop DN T-cell lymphoproliferation, indicating that DN T-cell lymphoproliferation is mainly due to the gld mutation expressed on the hematopoietic tissues ( Figure 1D ). Thus, inactivating FasL in the hematopoietic compartment induces protection from diabetes but also causes DN T-cell lymphoproliferation, whereas the gld mutation expressed on nonhematopoietic tissues induces protection without causing DN T-cell lymphoproliferation.
Next, we determined whether gld-induced tolerance is acquired during T-cell development in the thymus or whether wt T cells that developed in FasL-sufficient thymi could be controlled by gld mutation expressed in other tissues. We tested the ability of splenocytes (depleted from DN T cells) from diabetic NOD-wt mice to cause diabetes in NOD-scid-gld/gld hosts or NODscid-wt controls (Table 1) . We also examined the ability of splenocytes from age-and sex-matched nondiabetic NOD-gld/gld mice (depleted from DN T cells) to cause diabetes in NOD-scid wt hosts. The results of the adoptive transfer confirmed the conclusion obtained from the analysis of BM chimeras. None of the NODscid-gld/gld hosts reconstituted with wt splenocytes from diabetic mice developed diabetes, whereas the same wt donor splenocytes caused diabetes in NODscid-wt controls. Moreover, splenocytes from NOD-gld/ gld mice failed to cause diabetes in NOD-scid-wt mice. Only very low numbers of DN T cells are seen in any of the hosts, consistent with the reported data that DN T cells develop in the thymus. 21 The results of adoptive transfer extend the BM chimeric mice findings and show that T-cell tolerance in gld/gld hosts is not acquired during T-cell differentiation in the thymus and that diabetogenicity of wt T cells that developed in wt thymic environment can be controlled by mutation of FasL expressed in other tissues.
FasL Haploinsufficiency Confers Indefinite Protection from Diabetes without Inducing Lymphoproliferation Because of Differences in FasL Threshold Requirement
FasL functions as a homotrimer made of randomly associated single molecules 22, 23 and hence all but a few (12%) FasL homotrimers in NOD-gld/ϩ mice are expected to be inactive because of incorporation of at least a single gld molecule in each homotrimer. 22, 23 Thus, gld/ϩ mice are FasL haploinsufficient but with some preserved FasL activity; analysis of their susceptibility to diabetes and DN T-cell lymphoproliferation has therapeutic implications because partial blockade of FasL can potentially be recapitulated by using FasLneutralizing antibody. We therefore generated NODgld/ϩ mice and determined whether FasL haploinsuf- Figure 1 . Expression of homozygous gld mutation on either hematopoietic or nonhematopoietic tissues is sufficient to protect NOD mice from spontaneous diabetes. Lethally irradiated 8-week-old NOD-wt or NOD-gld/gld mice recipients and 6-week-old wt or gld/gld Thy1.1 ϩ NOD donors were used to generate BM chimeras as described in Materials and Methods. A: Schematic illustration of the adoptive transfer protocol. B: Assessment of BM chimeras. Fluorescence-activated cell sorting analysis of representative blood samples from Thy1.2 ϩ NOD-gld/gld mice before irradiation and 2 and 16 weeks after reconstitution with BM from Thy1.1 ϩ NOD-wt mice. All mice used were reconstituted to more than 90% (Thy1.1/Thy1.1 ϩ Thy1.2) by donor T cells. C: Diabetes incidence in different chimeras during a 27-week monitoring period after reconstitution. Four or five recipients were used in each group except in gld/gld into wt chimeras where 11 recipients were used. D: Frequency of DN T cells in various chimeras. Mice were analyzed at 35 weeks of age (27 weeks after reconstitution). Spleen and lymph node cells from different chimeras were stained for TCR, CD4, CD8, and B220. TCR ϩ cells were gated, and the frequency of DN T cells in various chimeras was determined. Numbers in quadrants represent average Ϯ SEM. Only gld/gld BM into wt chimeras developed significantly higher frequency of DN T cells in the lymph nodes (P Ͻ 0.003) and spleens (P Ͻ 0.008) than wt BM into gld/gld chimeras. There was no statistically significant difference in the frequency of DN T cells in the lymph nodes and spleens of wt into gld/gld chimeras relative to wt into wt chimeras as determined by unpaired Student's t-test, which was performed using SigmaPlot v.8.0. P values of Ͻ0.05 were considered significant. ficiency could prevent T-cell autoimmunity without induction of DN T-cell lymphoproliferation. All NODgld/ϩ heterozygote mice had normal-sized lymphoid organs and developed no lymphadenopathy or splenomegaly that otherwise affected all age-matched NODgld/gld mice ( Figure 2A) . None of the NOD-gld/ϩ mice developed T-cell lymphoproliferation at any time during their lifespan (up to 2 years) indicating that they had maintained sufficient FasL activity to preserve Tcell homeostasis. This was confirmed by flow cytometry because DN T cells in the periphery of NOD-gld/ϩ mice expressed normal level of Fas similar to wt and gld/gld mice. Importantly, the percentage of gld/ϩ DN T cells that expressed significant FasL on their surface was comparable with that of FasL-expressing wt DN T cells. Moreover, even though not all surface FasL molecules on gld/ϩ DN T cells were expected to be functional, gld/ϩ DN T cells underwent spontaneous apoptosis that was similar to that of DN T cells in wt mice; as a result, less than 10% of T cells in the lymph nodes and spleens of NOD-gld/ϩ mice were DN T cells compared with approximately 80% in age-matched NODgld/gld mice and 5% in wt mice (Figure 2 , B and C). We confirmed that apoptosis of DN T cells was Fas-mediated by showing that it was inhibitable by FasL-neutralizing antibody in vivo (data not shown).
NOD-gldϩ mice were completely protected from developing diabetes ( Figure 2D ). We have not detected a single incidence of diabetes in NOD-gld/ϩ mice of various ages in our colony, whereas NOD-wt littermates developed diabetes with a predicted incidence rate. Insulitis was also curtailed; the majority of NOD-gld/ϩ mice remained free of insulitis, and fewer animals developed peri-or mild insulitis that did not progress to full destruction of islets and diabetes ( Figure 2E ). NOD-gld/ϩ mice did not develop significant levels of antinuclear antibodies, whereas modest and infrequent ANAs were observed in NOD-gld/gld mice ( Figure 2F ). We concluded that complete inactivation of FasL was not essential for prevention of spontaneous diabetes in NOD mice and that partial blockade could be used to induce protection from autoimmune diabetes in wt mice without impairing T-cell homeostasis. Thus, the NOD-gld/ϩ mouse provides a model to study the role of FasL in T-cell tolerance without the complication caused by the massive DN Tcell accumulation.
Disease-Free NOD-gld/ϩ Mice Harbor Pathogenic Cells Capable of Causing Diabetes in Adoptive Hosts and in Situ
The resistance of NOD-gld/ϩ mice to diabetes could be due to the deletion or active control of diabetogenic T cells. To distinguish between these possibilities, we assessed the diabetogenicity of NOD-gld/ϩ splenocytes in NOD-scid hosts ( Figure 3) . As positive controls, we used scid hosts reconstituted with splenocytes from age-and sex-matched diabetic NOD-wt donors. All NOD-scid hosts that were reconstituted with splenocytes from NODgld/ϩ mice or NOD-wt mice developed diabetes by day 45 after transfer ( Figure 3) . Splenocytes from NOD-gld/ϩ mice, however, caused diabetes at slightly lower rate than did splenocytes from wt mice. Thus, NOD-gld/ϩ mice harbor a diabetogenic population within their T-cell repertoires that was able to cause diabetes in susceptible hosts. However, because homeostatic expansion in lymphopenic hosts might lead to extensive remodeling of the T-cell repertoire and favored expansion of diabetogenic cells, we determined whether self-tolerance in adult NOD-gld/ϩ mice could be reversed in situ using agents that augment T-cell pathogenicity or abrogate immune suppression. Blockade of CTLA-4 or IL-2 signaling as well as GITR stimulation (Materials and Methods) led to development of diabetes in adult NOD-gld/ϩ mice ( Figure 4 ). CTLA-4 is a negative regulator of T-cell activation, and hence blockade of CTLA-4 can directly augment T-cell autoreactivity by releasing negative signaling 24 or indirectly by abrogation of suppression with or without deletion of Foxp3 ϩ CD4 regulatory T cells. 25, 26 Reverse of tolerance by anti-CTLA-4 treatment was associated with slight or no significant change in the frequency of Foxp3 ϩ CD4 regulatory T cells in NOD-gld/ϩ mice ( Figure 4A ). Treatment of NOD-gld/ϩ mice with anti-IL-2 antibody led to temporary loss of regulatory T cells (data not shown) and reversed resistance to diabetes in a significant number of treated mice ( Figure 4B ). Protection was also abrogated by anti-GITR treatment, which can both co-stimulate effector T cells 27 and inhibit suppressive activity of regulatory T cells ( Figure 4C ). These data show that NOD-gld/ϩ mice harbor diabetogenic T cells that can be turned on after transfer into susceptible hosts or by blockade of pathways that regulate T-cell tolerance. NOD-scid-wt mice that received splenocytes from NOD-wt mice were used as controls. Mice in each group were monitored for induction of diabetes as described in Materials and Methods. The experiment was terminated after all control mice developed diabetes. Spleen and lymph node cells were stained for TCR, CD4, CD8, and B220 surface markers. After gating on TCR ϩ cells, the frequency of DN T cells in each organ was determined. , NOD-gld/ϩ (n ϭ 35), and NOD-wt (n ϭ 29) mice that were up to 65 weeks of age. E: NOD-gld/ϩ mice develop mild or no insulitis. Pancreata from 12-week-old NOD-wt, NOD-gld/ϩ, or NOD-gld/gld mice were formalin-fixed, sectioned, H&E-stained, and compared with age-matched NOD-wt mice for insulitis. Three mice per group were examined. The inset indicates incidence of either peri-insulitis or insulitis in the three mice (designated 1, 2, and 3) analyzed in each group. F: Heterozygote gld mutation does not cause production of ANAs. ANAs in the sera from NOD-gld/gld, NOD-gld/ϩ, and NOD-wt mice between the ages of 15 to 30 weeks were measured using a ANA detection kit (Alpha Diagnostic International) as described in Materials and Methods (n ϭ 6 per group). The concentration of ANAs in each sample is calculated as AI, which is defined as the ratio of absorbance of the test sample and net absorbance of the negative (endpoint-cutoff) control. AI Ͼ22 is considered positive.
FasL-Neutralizing Antibody Prevents Diabetes in NOD-wt Mice
Our analysis of NOD-gld/ϩ mice indicated that manifesting the pathogenic role of FasL required a high level of FasL expression, whereas low FasL expression was sufficient for prevention of DN T-cell lymphoproliferation. Thus, we sought to determine whether pharmacological partial blockade of FasL abrogated its pathogenic role but not its role in prevention of DN T-cell accumulation. To test this idea, we treated prediabetic NOD female mice with MFL4 FasL-neutralizing antibody 28 as described in Materials and Methods and monitored them for development of diabetes. Control mice that were treated in parallel with hamster IgG developed diabetes with the normal incidence rate. In contrast, none of the mice in the treated group developed diabetes ( Figure 5, A and B) . Analysis of pancreata from treated mice showed that blockade of FasL also prevented insulitis in the majority of the mice in the group, although a few mice developed perinsulitis, whereas severe insulitis was observed in the control group ( Figure 5C ). Furthermore, anti-FasL treatment was associated with only a small and transient increase in the frequency of DN T cells, which did not exceed 6% of T cells in any of the treated mice ( Figure  5D ). As in NOD-gld/ϩ mice, protection from diabetes was not associated with systemic increase in the level of antinuclear antibodies ( Figure 5E ). Thus, it seems that there is a wide window for maneuvering to block most FasL activity to inhibit its pathogenic effect without interfering with T-cell homeostasis. These studies show the feasibility and suggest that FasL-based intervention may prove beneficial in the future to protect high-risk individuals from type 1 diabetes.
Discussion
This study shows that protection from autoimmune diabetes induced by gld mutation of FasL is genetically dissociable from gld-induced DN T-cell lymphoproliferation. Inactivation of FasL in either the hematopoietic or nonhematopoietic compartment is equally protective from diabetes, whereas inactivation of FasL in the hematopoietic tissues is largely responsible for DN T-cell lymphoproliferation. Hence, protection from diabetes without DN T-cell lymphoproliferation is seen when wt FasL is expressed on the hematopoietic tissues and the gld mutation is restricted to the nonhematopoietic tissues in BM chimeras (wtϾchimeric gld) and adoptive hosts (wtϾNOD-scid-gld/gld). Furthermore, analysis of NODgld/ϩ mice demonstrated that maintenance of some FasL activity is sufficient to control DN T-cell homeostasis Figure 3 . Disease-free NOD-gld/ϩ mice harbor diabetogenic lymphocytes that transfer diabetes to NOD-scid mice. Diabetogenicity of 2 ϫ 10 7 splenocytes from diabetes-free NOD-gld/ϩ mice was tested in adoptive NOD-scid hosts after intravenous transfer and compared with that of equal number of splenocytes from age-matched diabetic NOD-wt mice (n ϭ 7 per group). Blood glucose levels were monitored weekly to determine diabetes induction. Mice with two consecutive blood glucose levels of Ն250 mg/dl were considered diabetic. Results are from one of two similar experiments. and that complete inhibition of FasL is not essential for restoring tolerance in NOD mice. These genetic findings are potentially translatable into therapeutic strategies, because administration of FasL-neutralizing antibody protects NOD-wt mice from diabetes without causing DN T-cell lymphoproliferation.
The T cell is a primary site of FasL induction, 23 and hence mutation of FasL on hematopoietic cells eliminates a major source of FasL. In addition, FasL expressed on hematopoietic cells, including T cells, has a more direct role than does FasL expressed on the nonhematopoietic tissues in mediating activation-induced cell death in Tcell-autonomous or fratricide Fas/FasL interactions between neighboring T cells. 29, 30 Thus, the ability of FasL expressed on hematopoietic cells to prevent DN T-cell lymphoproliferation is consistent with the role of the Fas Figure 5 . Treatment with FasL-neutralizing antibody prevents diabetes development in NOD-wt mice. Four-week-old NOD-wt mice were injected intraperitoneally with 500 g of anti-FasL MFL4 antibody (n ϭ 10) or control hamster IgG (n ϭ 9) for 2 consecutive weeks, followed by weekly 300-g injections until age 20 weeks. A and B: Diabetes incidence and blood glucose levels in mice treated with FasL-neutralizing antibody or hamster IgG control antibody. C: Anti-FasL treatment of NOD-wt mice curtailed development of insulitis. Pancreata from three nondiabetic mice from each group were collected 9 weeks after termination of treatment and analyzed for insulitis as described in Materials and Methods using H&E staining. Top shows representative islets with no insulitis (left) or peri-insulitis (right) from mice that received anti-FasL treatment. Bottom shows an islet with insulitis from hamster IgG-treated control mice. The inset shows percentage of insulitis, peri-insulitis, and no insulitis in the pancreatic islets of anti-FasL-treated (120 islets) and control mice (42 islets). D: Blockade of FasL leads to mild and transient increase in the frequency of DN T cells in peripheral blood. Blood samples were collected and stained with TCR-, CD4-, and CD8-specific antibodies and analyzed by fluorescence-activated cell sorting. After gating on TCR ϩ cells, the frequency of DN T cells was determined. E: AI in mice in the anti-FasL (n ϭ 10) or hamster IgG (n ϭ 9) groups or in untreated NOD-wt (n ϭ 3). ANAs were measured as described in Figure 2F . AI value Ͼ27.5 is considered positive. Results are presented as mean Ϯ SEM.
pathway in regulating T-cell homeostasis. On the other hand, the crucial role of FasL expressed on the nonhematopoietic tissues in regulating T-cell tolerance is unexpected and provides new insight into the pathogenetic process of autoimmune diabetes. This novel role is demonstrated by the potent protective effect of the gld mutation expressed in the nonhematopoietic compartment from spontaneous ( Figure 1 ) and adoptively transferred (Table 1) autoimmune diabetes. Interestingly, expression of the gld mutation on hematopoietic tissues is equally protective from autoimmune diabetes. These data indicate that FasL expressed in either compartment plays a specific pathogenic role in the autoimmune process that cannot be substituted for by FasL expressed in the other compartment. FasL is not only a ligand for Fas, but also transduces inflammatory signals. 31 Hence, failure of FasL expressed on the hematopoietic tissues to substitute for the pathogenic role of FasL expressed on the nonhematopoietic tissues can be due to specificity of inflammatory signals derived from engagement of FasL expressed in either compartment. Alternatively, limited accessibility of FasL expressed in one tissue to Fas-expressing cells in the other tissue could also explain why development of autoimmune diabetes depends on expression of FasL in both compartments. We therefore propose a two-signal model for FasL in the pathogenesis of autoimmune diabetes. FasL expressed in the hematopoietic compartment provides one signal, whereas FasL expressed in the nonhematopoietic compartment provides the second signal. Consistent with this view, parenchymal tissue cells, including vascular smooth muscle, 32 intestinal epithelia, 33 astrocytes, 34 and synoviocytes, 35 secrete proinflammatory cytokines and chemotactic factors in response to Fas engagement and thus can represent an important source of Fas-induced proinflammatory mediators. Intrinsic signals generated by engagement of FasL on the nonhematopoietic cells could induce secretion of soluble mediators that target and modulate responses of hematopoietic cells. On the other hand, engagement of Fas expressed on the hematopoietic tissues, including T cells, 36 dendritic cells, [37] [38] [39] and neutrophils, 40, 41 by FasL modulates proliferation, maturation, and production of inflammatory cytokines. Interaction of Fas on ␤ cells by FasL on T cells is an example of potential trans-interaction between Fas expressed in one compartment with FasL expressed in the other compartment. Thus, it is possible that some of the diabetogenic signals are dependent on interactions of Fas expressed on hematopoietic cells with FasL expressed on the nonhematopoietic tissues and vice versa and that this critical pathogenic role is inhibited by the gld mutation in either compartment. Similar protective effect is achieved by partial but global mutation of FasL in NOD-gld/ϩ mice. Likewise, the long-term protective effect of FasL-neutralizing antibody is probably mediated by partial neutralization of FasL in both the hematopoietic and nonhematopoietic compartments.
Mature wt T cells that developed in a FasL-sufficient environment and isolated from diabetic NOD mice failed to cause diabetes in NOD-scid-gld/gld mice, although they readily caused diabetes in NOD-scid mice with an intact Fas pathway ( Table 1) . The failure of wt T cells to cause diabetes in mice expressing the gld/gld mutation on the nonhematopoietic tissues is not due to impaired Fas-mediated killing of ␤ cells, which were Fas-sufficient in both host types, whereas T cells are FasL sufficient. Therefore, the protection induced by heterozygous global gld mutation or compartmentalized gld mutation in chimeras and adoptive host or by FasL blockade in NOD-wt mice using FasL-neutralizing antibody is not due to inhibition of Fas-mediated apoptosis of ␤ cells. These results corroborate previous studies that show no or a limited role for the Fas/FasL system in the death of ␤ cells. 4, 5, [7] [8] [9] 12 Last but not least, gld-mediated protection from diabetes is not dominated by a specific pathway because blockade of CTLA-4 or IL-2 signaling pathway reversed tolerance in NOD-gld/ϩ mice that otherwise have life-long protection from diabetes. Likewise, treatment of NOD-gld/ϩ mice by anti-GITR antibody reversed tolerance and caused diabetes in NOD mice. Future studies should define specific effects of the gld mutation on these pathways and on the homeostasis of natural and induced regulatory T cells.
In summary, these data provide the basis for future mechanistic and therapeutic studies for understanding further how targeting FasL on specific compartments regulates T-cell tolerance mechanisms. The NOD-gld/ϩ mouse provides a model for analyzing the long-term consequences of partial FasL blockade on T-cell tolerance and potential side effects in the absence of DN T-cell lymphoproliferation. Moreover, our findings that genetic or therapeutic inhibition of FasL protects against diabetes without causing lymphoproliferation indicate the potential for developing a new class of FasL-based therapeutics that do not interfere with vital activation pathways.
